Abstract-We analyze polarization splitting of light in directional-coupler polarizers by using a transverse modal transmission-line representation. Because it is based on rigorous modal solutions, this approach provides very accurate results and can be applied to situations involving either lossy or gainy materials. By considering a polarizer in which multiquantumwell layers act as one of the two waveguides forming the coupling region, we find that maximum polarization discrimination is achieved at an optimal distance that is different from the polarization length predicted by conventional coupled-mode methods. We derive a novel criterion for determining that optimal length, examine the effect of material loss or gain, and obtain the far-field intensity of the light at the output of the coupler.
I. INTRODUCTION
O PTICAL polarizers based on directional couplers have recently attracted considerable interest [1] - [2] due to their potential application in signal processing systems. Specifically, the signal at the input of these couplers is inserted into two parallel waveguides that support orthogonal TE and TM modes, so that they can deliver high-speed operation with single-mode transmission. The electromagnetic behavior of such polarizers has been analyzed by using the coupledmode method (CMM) [3] and the modified beam propagation method (MBPM) [4] , [5] . However, the former may be insufficiently accurate and the latter does not readily account for all the physical effects involved in the coupling process. Furthermore, to our knowledge, studies of directional-coupler polarizers have not yet accounted for the loss or gain that occurs in the presence of semiconductor-based materials.
We therefore present here a modal transmission-line technique (MTLT) to accurately analyze mode-polarization effects in polarizers that use realistic waveguides having either lossy or gainy properties. We then describe the operation of such a coupling structure and quantify the effectiveness of a polarizer in terms of a mode-suppression ratio which can be readily evaluated. In particular, we examine a GaAs/Al Ga As heterostructure directional coupler in which one of the waveguides consists of multiquantum-well (MQW) layers. Our results reveal that the optimal operational length of the coupler can be quite different from the polarization distance predicted by simple CMM considerations. We also show that the coupler can discriminate better between the two polarizations if gain is introduced into the MQW layers. In addition, we obtain the farfield radiation pattern that represents the intensity distribution of the output beam.
II. CHARACTERIZATION OF THE DIRECTIONAL-COUPLER POLARIZER
The geometry of an optical polarizer based on a directionalcoupler configuration is illustrated in Fig. 1 . The central (coupling) region of the polarizer is shown in Fig. 1(a) where a single homogeneous layer serves as a primary waveguide, and another layer acts as a secondary waveguide. The dielectric constants and thicknesses of the various layers are identified by the subscript which stands for (cover), (primary guide), (upper cladding), (secondary guide), (lower cladding), and (substrate). To examine the effects of material loss or gain, the secondary guide will be assumed to consist of a MQW layer as shown in Fig. 1(a) . For this purpose, that layer is partitioned into sublayers denoted by (low-bandgap layer), (high-bandgap layer), as well as other additional sublayers. However, the MTLT analysis presented below is general and holds for other types of secondary waveguides, as well as for configurations having any number of additional intermediate layers.
The input and output ports of a complete coupler usually have the form given in Fig. 1(b) or (c). Each of these configurations contains a single (isolated) waveguide rather than two parallel ones. Depending on the exact function for which a coupler is designed, one or two structures of Fig. 1(b) and/or (c) can be connected to each one of the input and output terminal planes of the structure in Fig. 1(a) . Bifurcation in either the transverse or longitudinal direction is necessary to connect two structures to a terminal, and butt joining is adequate if only one structure is involved. However, the structures of Fig. 1(b) and (c) must have values of and that match those of Fig. 1 (a) in order to minimize reflections and other discontinuity effects, as discussed further below. The dielectric constants of the various media depend on their material properties, as determined by the following considerations.
A. Complex-Value Description of Dielectric Constants
Stratified guiding structures made of semiconductor materials are subject to two kinds of losses. One is the material loss due to inter-band and free-carrier absorption [6] , [7] guiding layer. The other is the leakage loss due to radiation through the cover and substrate layers. For an assumed time convention such losses are accounted for by a dielectric constant which has the general complex form (1) For nonmetallic media, we have and is positive or negative for lossy or gainy media, respectively. Alternatively, can be expressed in terms of the material refractive index and the absorption coefficients as discussed below. The refractive index of GaAs/Al Ga As materials is a function of frequency, temperature, doping concentration, and alloy composition, as given by [8] ( 2) where the coefficients and at room temperature (298 K) are given by and denotes [9] the modified photon energy with for type for type.
Here is the absolute temperature, is the Al alloy composition, and (cm 3 ) are the donor and acceptor concentrations, respectively. The absorption coefficients are then expressed [6] , [7] by (3) where is the interband absorption and is the freecarrier absorption in each layer
To obtain the relation between the complex dielectric constant and the optical parameters mentioned above, we consider the wave equation (4) where is the electric field, is the wave number in vacuum and denotes the dielectric constant. Here is the permeability, which is assumed to be equal to that of vacuum for optical materials, and is the conductivity of -th material. For bulk material, a solution of (4) can be obtained by assuming that does not vary with or so that (5) where the field vector is in the transverse plane, and the refractive index of each layer is given by the complex value (6) Substituting (5) into (4) yields (7) Inserting (1) and (6) into (7) gives (8) where is identical to given in (2) , and the imaginary part is related to the absorption loss of (3). Using (5) to derive the Poynting vector we find that the power flux is exponentially attenuated with an absorption coefficient (9) Combining this result with (8), we obtain (10) which express the complex dielectric constant in terms of the absorption loss and the conductivity
B. Transparency Gain Constant
As already discussed above in the context of Fig. 1(a) , the primary waveguide in the coupling region is homogeneous while the secondary waveguide is comprised of a MQW stack. The properties of a GaAs/Al Ga As heterostructure stack are affected by the complex dielectric constants in each layer. Using complex values as given by (1) or (10) and assuming for the dielectric materials, the electromagnetic behavior of the structures in Fig. 1 can be evaluated by recalling that they are special cases of a general stratified configuration having an arbitrary number of layers, as shown in Fig. 2 (a). The fields in such structures are described rigorously [10] in terms of an equivalent electric network, as illustrated in Fig. 2 
(b). This network consists of transmission-line segments having characteristic admittances (TE modes)
(TM modes) (11) where with and is the longitudinal propagation constant along which can be expressed in terms of the complex index as (12) The relevant values of and can then be found [10] by applying the transverse-resonance condition (13) where and refer to the input admittances looking up and down, respectively, at any boundary plane For convenience, we may choose that plane to be at in which case
To determine we start at the top boundary and find the reflectance by using the general relation (14) where is the input admittance looking up at the th plane. At we have which can then be used to determine by means of By thus successively applying (14) and (15), we can obtain the input admittance looking up at and solve (13) for For most practical situations, the attenuation is positive due to absorption losses. However, if current is injected so as to increase the gain in the MQW stack shown in Fig. 1 , the imaginary part of becomes more negative, thus causing to decrease. At a specified value of the gain overcomes the absorption losses and the guided wave travels without attenuation, i.e.,
We refer to this gain value as the transparency gain analogous to the threshold gain for which the recirculating fields in a linear laser cavity neither grow nor decay on each round-trip. Still larger current intensities generate values of that cause to become negative, in which case the wave amplitude increases as it propagates along .
C. Modal Dispersion of Isolated and Composite Waveguides
To evaluate and illustrate the behavior of the MQW coupler, we assume the optical parameters given in Table I . Using the considerations expressed by (1)- (12), we plot in Fig. 3 the dispersion characteristics of the two isolated guides in Figs. 1(b) and (c) by means of dashed-line curves which refer to the fundamental TE 0 and TM 0 modes. Because they have different thicknesses and refractive indices, the two guiding layers exhibit dispersion curves that intersect at a wavelength for each (TE or TM) polarization. At those intersection points, the real wavenumbers and of the isolated primary and secondary guides, respectively, satisfy a phase-match condition Because both primary and secondary waveguides appear in the coupling region of Fig. 1(a) , the two modes given by and evolve into supermodes [12] whose dispersion curves are indicated by the solid lines in Fig. 3 . These supermodes have even and odd field properties so that their respective parameters will be denoted by and subscripts. Most interestingly, however, the term of (12) can be positive (net loss) or negative (net gain) as any changes with increasing injection current, as discussed in Section 2.2 above. Thus, for the supermodes in the coupling region, the normalized attenuation at the phase-match wavelengths varies with as shown in Fig. 4 . We note that is positive or negative according to whether is smaller or larger than the critical To present our MTLT analysis, we consider below the practical situation of a polarizer whose function is to accept a signal having power in both (TE and TM) polarizations and deliver each one of them at a separate output channel. For this purpose, we assume that the input structure is in Fig. 1(b) , i.e., an isolated waveguide is connected to the left of the coupling region. At the output, however, a pair of structures in Fig. 1(b) and (c) are connected, i.e., two isolated waveguides are connected to the right of the coupling region. At frequencies near the two (phase-match) intersection points in Fig. 3 , power is transfered along from one to the other guide, as indicated in Fig. 1(a) . However, the distance over which complete power transfer can be achieved is different for the two polarizations. It is then possible to choose so that the power at each output channel is almost fully polarized, as discussed below.
A. Coupling Efficiency and Mode-Suppression Ratio
To analyze the electromagnetic-wave process in the polarizer, we consider the propagation of TE and TM modes separately and assume that the fields are two-dimensional, i.e., they do not vary with respect to the direction. In the case of TE modes, the transverse electric and magnetic fields can be expressed as [11] (16) where is a voltage variation and is the transverse modal function. In the central region of most directional couplers, the total fields are accurately given by a linear superposition of two supermodes [12] which, we recall, are of even or odd types. If we neglect reflection at the input and output planes, we then get (17) where the subscript indicates the coupling region We have verified that the omission of reflection in (17) and subsequent relations amounts to an error of about 3% or smaller for the structure given in Fig. 1 and Table I. For incidence from a structure of type (b) as shown in Fig. 1 , the input field is described transversely by a modal function where the subscript refers to the primary guide. When the incoming field traverses the boundary, it excites the two supermodes in the coupling region. These supermodes are then guided by both guiding layers and propagate independently along the longitudinal -direction. Neglecting reflections, the boundary condition at is therefore given by (18) The voltage coefficients and are found by using a power normalization condition in the cross-section given by (19) together with the field orthogonality condition [13] for TE modes (20) where or is an appropriate normalization constant determined by (19), and the superscript denotes TE modes. We then take the cross-product of (18) with and integrate over the cross-section of the guiding structure to obtain (21) where the input coefficients and are given by (22) When the supermodes reach the output boundary they excite the transverse modes given by and in the primary and secondary guides, respectively which then travel independently along the separate output channels depicted explicitly in Fig. 1(b) and (c). At the output plane we thus obtain (23) where the subscript or denotes the primary or secondary guide in the output region, respectively. Using (19) and (20) 
where and are the TE-mode propagation constants at the input and output region, respectively. The equivalent network along the longitudinal direction for the polarization splitter is shown in Fig. 5 . In this network, the input and output transformers represent the voltage transformations expressed by (21) and (24), respectively.
To find the analogous expressions for TM modes, we replace with and with in (16) and use the TM-mode field orthogonality condition where the superscript denotes TM modes, and the transformation coefficient is given by (24), but now the coefficients and are calculated by applying (27) instead of (20). The TM-mode analysis can be represented by a separate network having the same configuration as that of Fig. 5 , except that TE is changed to TM.
The coupling efficiencies in (26) and (28) can now be applied to define a mode suppression ratio (TM mode suppression) (TE mode suppression)
which can be used to obtain an optimized polarization-splitting length between TE and TM modes. For this purpose, we assume that TE and TM modes having the same amount of power are fed through the primary channel simultaneously at the input terminal. An optimal length of can be found such that, at the coupler output, most of the TE power is in one of the channels and most of the TM power is in the other one. The quantity is then determined by the maximum value of the mode suppression ratio as will be exampled in Section IV.
B. Far-Field Radiation Pattern
The intensity distribution pattern of the far-field plays an important role in connecting optical polarizers to other optoelectronic and optical components. If the emission pattern is in the form of a broad main lobe with significant power carried in side lobes, only a small portion of the available light may be transferred. The far-field radiation pattern can be expressed by taking the Fourier transform of the Poynting vector as in the case of a single waveguide structure [9] , [14] at an arbitrary accessible terminal (30) where represents the angle between the direction of observation and the normal to the radiating cross-section (cs). The electric field and magnetic field at the output terminal consist of the modal functions (or and (or which are found by solving (13) , and the transmission-line amplitudes (or ) and (or ) specified by (24).
IV. NUMERICAL RESULTS
To explore polarization splitting in a MQW lossy/gainy optical coupler, we illustrate here the above analysis to a coupler having the parameters given in Table I . We restrict our discussion to the case of TE mode emitted from the primary waveguide (TM mode suppression) of the coupler shown in Fig. 1(a) . The alternative situation for TE mode suppression requires a larger optimal polarization length in our coupling structure.
We examine first a lossy optical situation at an operating wavelength m and Using CMM, the appropriate length for separating the two polarizations is assumed to be given [2] by the beat lengths at a phase-match (intersection) point, which yields (31) where and are coupling lengths defined as with TE or TM Fig. 6(a) shows the power variation of TE and TM modes emitted from the primary guiding channel when equal amounts of TE and TM power are fed at the input of the primary guide, as discussed in Section III. We clearly see that TE and TM modes separate most strongly at an optimized polarization length m indicated by the vertical solid line. By contrast, the two modes exhibit comparable intensities at the polarization length m found by the CMM approach (vertical dotted line). The discrimination between the two modes is better clarified by considering the mode suppression ratio shown in Fig. 6(b) . It is noted that the variation of has an absolute maximum which determines the optimized length . Furthermore, we plot in Fig. 7 the variation of and polarization lengths as a function of wavelength . We can explicitly know that, as increases, both and decrease monotonously because the difference increases in (31) so that the beatlengths of TE and TM modes decrease.
We also show results in Fig. 8 for a gainy structure having the same optical parameters as in Fig. 6 except that now . We find that the TM mode suppression ratio peaks at a value of m (vertical solid line) which is smaller than m obtained by the CMM (vertical dotted line). Most interestingly, we find by comparing Figs. 6(b) and 8(b) that the presence of gain results in a dramatic improvement of the mode suppression ratio by over two orders of magnitudes.
Finally, we look at the far-field radiation pattern of (30) for the TE mode radiating from the primary channel in a lossy ( ) optical polarizer with an optimized polarization length m for m nm and nm We first calculate and plot the far-field pattern for different values of the thickness of the primary guiding layer and fixed values for thicknesses of the MQW guiding layers nm nm As shown in Fig. 9(a) , the emission pattern (solid line) is diffraction limited with optimal directional emission and sidelobe suppression ratio 6 dB at m whereas for other values of the primary waveguide thickness, e.g., m (dashed line) and m (dash-dotted line), the radiation pattern is degraded by either becoming broader or having stronger side-lobes. Similarly for various thicknesses of the MQW guiding layers, the deviations from those values which produce an optimal directional pattern (solid line) result in degradation of the polarization splitting as well as the farfield pattern. Such a behavior is shown in Fig. 9(b) . These two results thus suggest that the emission pattern in an optical polarized beamsplitter offers better characteristics at structural parameters that correspond to the optimized polarization length of the coupler.
V. CONCLUSION We have used the modal transmission-line technique (MTLT) to analyze the properties of an optical directional coupler with multiquantum-well layers, with particular emphasis on polarization splitting and the radiated intensity distribution of TE and TM modes. By deriving and evaluating a mode suppression ratio , we have determined the optimum polarization lengths for both lossy and gainy cases. Our results reveal that can be increased by over two orders of magnitudes if gain is introduced into the guiding structure. We have also found that the value of differs significantly from the phase-match length obtained by the coupledmode method (CMM). In addition, we have shown that the emission pattern of the field radiated from the lossy/gainy optical coupler has a directionality at structural parameters that correspond to
We therefore conclude that the MTLT approach provides a convenient and powerful treatment of optoelectronic guiding structures having lossy or gainy materials.
